A large proton leak not coupled to ATP synthesis (slip) occurs at alkaline pH through the chloroplast ATP synthase (Y. Evron, M. Avron [1990] Biochim Biophys Acta 1019: 115-120). The involvement of the ATP synthase y-subunit in the regulation of proton conductance was analyzed by measuring the effect of thiolalkylating agents on proton slip. Alkylation by N-ethylmaleimide of y-cysteine (Cys)-89, which is exposed upon energization of thylakoids, increases the slip only at alkaline pH. The slip i s partially suppressed by low concentrations of adenine nucleotides and is completely eliminated by venturicidin, a blocker of the hydrophobic polypeptide complex of the chloroplast ATP synthase (CF,). Conversely, cross-linking of y-Cys-89 with y-Cys-322 renders the ATP synthase leaky to protons and insensitive to ATP also at neutra1 pH. The accessibility of y-Cys-89 to alkylation by fluorescein maleimide is completely suppressed by N,N-dicyclohexylcarbodiimide and by venturicidin, which block proton conductance through CF, and increase the pH gradient. These results suggest that the ysubunit has a dominant role in proton gating through the ATP synthase and responds to changes in pH and ligands taking place on either side of the thylakoid membrane. It is proposed that the conformational changes that induce the proton slip and the exposure of y-Cys-89 reflect the conversion of the enzyme from a catalytically latent to an active state, and depend on the deprotonation of a stromal site at alkaline pH and on protonation of an intrathylakoid inner site upon energization. Therefore, conditions that induce the conformational activation also provide the driving force for ATP synthesis.
mational changes brought about by the electrochemical ApH.
The most rigorously characterized manifestations of these conformational changes are in the 7-subunit of CF,: exposure of the sulfhydryl group y-Cys-89 (the "light site") (McCarty and Fagan, 1973) , increased accessibility to tryptic digestion (Moroney and McCarty, 1982) , and enhanced reduction of the disulfide bridge in the y-subunit (Junge, 1970; Bakker-Grunwald and Van-Dam, 1974; Ketcham et al., 1984) . The reactivity of certain Lys residues in the 7-subunit changed in response to ApH and Aly (KomatsuTakaki, 1995) . The E-subunit appears to be involved in CF, activation, since it was shown to inhibit ATPase activity of the soluble and membrane-bound CF,, to block proton efflux through the enzyme, which is enhanced by energization (see below), and to differentially interact with antibodies following activation (Richter and McCarty, 1987) . Therefore, it has been suggested that both the y-and Esubunits are involved in the regulation of ATPase activity.
Recent studies demonstrated an ATP-dependent movement of the y-subunit with respect to the a-and P-subunits, probably reflecting an intrinsic part of the catalytic mechanism of ATP synthesis/hydrolysis (Sabbert et al., 1996; Noji et al., 1997) . This observation indicates a direct role of the y-subunit in ATP synthesis/hydrolysis, probably facilitated by conformational changes.
The conformational changes are also manifested by changes in proton conductivity: an increased proton flux through the ATP synthase was reported in the light (Portis et al., 1975 ) and a proton leak not coupled to ATP synthesis (slip) is induced at alkaline pH through thylakoid membranes (Evron and Avron, 1990) . The enhanced proton conductance is suppressed by low concentrations of adenine nucleotides and by blockers of CF,, indicating that it occurs through ATP synthase (Portis et al., 1975; Underwood and Gould, 1980a; Evron and Avron, 1990) . It has been suggested that the slip may serve as a built-in protective mechanism for dissipating the excessive electrochemical ApH at high phosphate potential and high irradiation Plant Physiol. Vol. 115, 1997 (Strotmann et al., 1986) or in the absence of ATP (Evron and Avron, 1990) . Groth and Junge (1993) did not suggest a physiological role for the slip but rather regarded it as a futile part of alternating site catalysis in the absence of nucleotides. It was previously shown that sulfhydrylmodifying agents affect proton efflux through chloroplast ATP synthase (Underwood and Gould, 1980b; Apostolova and Ivanov, 1989) .
In this work we utilized the proton-slip phenomenon to test the role of specific SH groups within the y-subunit in controlling proton gating through CF,-CF,: (a) alkylation of Cys-89 by NEM, which inhibits ATP formation and coupled electron transport; and (b) cross-linking of Cys-89/Cys-322, which inhibits ATP synthesis and enhances electron transport (Wagner and Junge, 1977; Weiss and McCarty, 1977) . We show that these modifications are manifested by different changes in proton conductance through the enzyme, strongly supporting the role of the y-subunit in proton gating.
MATERIALS AND METHODS

Chemicals
F-M was purchased from Molecular Probes (Eugene, OR). A11 other chemicals were purchased from Sigma.
Chloroplast lsolation
Chloroplast thylakoids were isolated from market lettuce, as described previously (Evron and Avron, 1990) , and brought to a final concentration of 2 mg Chl mL-l in SNT buffer containing 50 mM Tricine-NaOH, pH 8.0, Ò.1 M NaC1, and 0.2 M SUC.
y-Cys-89 Alkylation with NEM
Chloroplasts (0.1 mg Chl mL-') were suspended in a buffer containing 20 mM Taps, 20 mM Mops, pH 8.0,50 mM NaC1, 5 mM MgCl,, and 10 p~ pyocyanine. The mixture was treated with 2 mM NEM either in the light or in the dark for 2 min. Alkylation was terminated by the addition of 2 mM DTT, and the thylakoids were collected by centrifugation and resuspended in SNT buffer to a final concentration of 2 mg Chl mL-l.
Modification with F-M
Lettuce thylakoids were treated with 2 mM NEM in the dark as described above to block the dark site (y-Cys-322). The thylakoids were then collected by centrifugation, resuspended in SNT, and treated with 0.1 mM F-M in the light under the NEM treatment conditions. Reaction was terminated with 2 mM DTT. Thylakoids were collected again by centrifugation and resuspended in SNT to 2 mg Chl mL-'. CF, was extracted by EDTA as follows: Lettuce thylakoids were washed three times with 10 mM NaCl to remove the Rubisco. After the last centrifugation, thylakoids were resuspended in 0.75 mM EDTA at room temperature to a concentration of 0.1 mg Chl mL-l and shaken gently for 10 min. Then thylakoids were collected by centrifugation (35,00Og), and the rotor was stopped with no brake to avoid resuspension.
The supernatant containing the CF, was taken for protein precipitation as follows: To each volume of supernatant, 0.15 volume of 1% deoxycholate in 0.1 N NaOH was added and incubated for 5 min at room temperature. The protein was precipitated with 0.2 volume of 50% TCA (15 min of incubation on ice). After centrifugation (10,OOOg for 10 min) the supernatant was discarded and the pellet was dried. The precipitate was resuspended in 1 M unbuffered Tris and passed through a desalting Sephadex G-50 column (Penefsky, 1977) . Protein was determined according to the method of Lowry (Lowry et al., 1951) . Ten micrograms of F-M-labeled protein prepared as described above was separated by SDS-PAGE according to the method of Laemmli (1970) on a minigel apparatus. The gel was photographed shortly after the electrophoretic separation as follows: The gel was illuminated by far UV light from the top and the camera was protected with a combination of a CuSO, filter (Corning Glass Works, Corning, NY) and a long-pass filter (Y-26, Schott Glaswerke, Mainz, Germany). The gel was then stained with Coomassie dye and photographed again.
ATP Synthesis
Phosphorylation of ADP in the light was measured by following the accompanying alkalization of a weakly buffered chloroplast solution (Chance and Nishimura, 1967) .
Electron Transport
The reduction of FeCy in the light was followed in two ways: by absorbance change at 420/470 nm, measured in a dual-wavelength spectrophotometer (model DW-2a, Aminco, Silver Spring, MD), or simultaneously with ApH from the change in 9-AA fluorescence. The basis for the latter technique is the observation that as FeCy is being reduced to ferrocyanide, 9-AA fluorescence increases (Kouchkovsky et al., 1982) . The reason for the increase in fluorescence is that FeCy absorbance partially overlaps 9-AA excitation and emission, and therefore partially quenches 9-AA fluorescence, whereas ferrocyanide does not absorb in this range. The increase in 9-AA fluorescence can therefore serve as a measure of electron transport.
In practice, these measurements are performed as follows: The total 9-AA fluorescence in the dark is recorded at the beginning of the experiment. Aliquots of known amounts of FeCy are added and the drop in fluorescence is recorded. As light is turned on, there is a drop in fluorescence, resulting from the generation of ApH and a continu o u~ increase in the steady-state fluorescence level resulting from FeCy reduction. As the light is turned off, fluorescence increases because of the collapse of ApH, and the baseline dark fluorescence level increases because of the reduction of FeCy. The extent of baseline fluorescence increase is monitored and used to calculate the rate of FeCy reduction by reference to a standard amount of FeCy added to each sample at the end of measurement. ApH is calculated from the dark-induced increase in 9-AA fluores- cence due to the collapse of ApH. The ApH and electrontransport rates determined by this method agree well with those determined by conventional methods. A detailed description of this method will be described elsewhere.
Light-Induced ApH
| The quenching of 9-AA fluorescence in the light was measured to estimate the ApH across the thylakoid membrane (Schuldiner et al., 1972) . Reaction medium in a final volume of 2 mL contained 20 niM Na-Mops, 20 mM Taps brought to pH 8.0 with NaOH, 50 mM NaCl, 5 mM MgCl 2 , 10 JU.M pyocyanine, 1 /J.M 9-AA, and thylakoids containing 10 /ng Chl mL" 1 . Fluorescence was measured either in Perkin-Elmer MPF-44 or in Aminco 8000 (SLM, Urbana, IL) spectrofluorimeters. The excitation and emission wavelengths were 399 and 430 nm, respectively. Actinic light was supplied by a homemade 300-W tungsten-halogen lamp projector through an RG 645 filter (Schott Glaswerke) and an IR cutoff filter. When ApH was measured simultaneously with electron transport, the reaction mixture contained 50 mM sodium-Tricine, pH 8.0, 50 mM NaCl, 5 mM MgCl 2 , 0.2 HIM FeCy, 1 JJLM 9-AA, and thylakoids containing 10 /itg Chl mL" 1 . Light intensity was measured with a light meter (YSI kettering model 65A radiometer, Simpson Electric, Chicago, IL).
RESULTS
Effect of CF 0 Inhibitors on the Binding of F-M to y-Cys-89 in the Light
Previous observations have established that energization induces conformational changes in the y-subunit of CFj, manifested by the exposure of y-Cys-89 to alkylation by maleimides (McCarty and Fagan, 1973) . In an attempt to clarify how energization induces this conformational change, we chose to test the effect of the CF 0 blockers DCCD and venturicidin on the accessibility of Cys-89 to alkylation in the light (Linnett and Beechey, 1979) . Both inhibitors bind to subunit III in the CF 0 moiety (Galanis et al., 1989) . The rationale in using CF 0 blockers is that these inhibitors are expected to specifically block access of protons from the intrathylakoid lumen without disruption of ApH. The accessibility to maleimides was tested by the incorporation of F-M, which modifies y-Cys-89 into CFj. As can be seen in Figure 1 , blocking of CF 0 by DCCD and venturicidin at concentrations that completely inhibit ATP synthesis and increase ApH inhibited the binding of F-M to y-Cys-89 in the light. This indicates that blocking the access to protons from the intrathylakoid lumen suppresses the conformational change in the -y-subunit. phorylation (not shown, Soteropoulos et al., 1994) . The treated thylakoids show an increased proton slip that appears only at alkaline pH. This slip is expressed both in increased electron transport (Fig. 2 ) and decreased ApH (Fig. 3) under continuous illumination. Venturicidin (Zhang et al., 1993) completely blocks the alkaline-induced slip, regardless of the NEM modification (Fig. 2) .
This increased slip was reversed by micromolar concentrations of ATP in the presence of Mg 2+ (Figs. 3 and 4) . The addition of venturicidin further increased ApH, showing that the proton slip through ATP synthase is partially operative even in the presence of nucleotides, as was previously observed . Incubation of thylakoids with NEM in the dark did not affect photophosphorylation or the proton slip of the ATP synthase.
Cross-Linking of Cys-89 to Cys-322 with OPBM
Cross-linking the "light site" to the "dark site" in the y-subunit (Cys-89 and Cys-322, respectively) with the bifunctional thiol reagent OPBM was reported to decrease the P/2e~ ratio and proton uptake. This indicates that photophosphorylation is partially uncoupled by the crosslinking reagent (Weiss and McCarty, 1977) . As shown in Figure 5A , OPBM causes a stimulation of electron transport to approximately the same value over the whole pH range. Similarly, ApH drops in OPBM-treated thylakoids over the whole pH range (Fig. 5B) , indicating a pH-insensitive proton slip. This loss of the pH control resembles complete uncoupling by protonophores or by detaching CF, from CF,, which exposes the thylakoid membrane to uncontrolled proton leaks (Fig. 6) . Also, the response to ATP is lost in the cross-linked enzyme (not shown). These results show that modifications of the y-subunit induce major changes in proton conductance, substantiating the crucial role of this subunit in controlling proton gating through the ATP synthase.
DISCUSSION
The two major observations in this study emphasize the central structural role of the y-subunit. First, the protection provided by CF, blockers against modifications of y-Cys-89 suggests a close communication between the y-and CF,-subunits. This observation, together with the protection provided by adenine nucleotides, indicates that the ysubunit integrates structural interactions between different parts of the ATP synthase complex. Second, the observation that modifications of specific sulfhydryls within the y-subunit alter the intrinsic H+ conductance through the 1 O ~L M pyocyanine, 1 p~ 9-AA, and thylakoids containing 1 O pg Chl mL-'. 9-AA fluorescence in control (left) and NEM-modified (right) thylakoids was measured at excitation and emission wavelengths of 399 and 430 nm, respectively, in a spectrofluorimeter. The sample was continuously mixed with a magnetic stirrer and ATP (10 p~) and venturicidin (0.5 p~) were injected from the top. NEM modification and illumination were as described in "Materials and Methods." Effect of OPBM on electron transport and ApH. Thylakoids (0.1 mg Chl mL-') were treated with 2 p~ OPBM in the dark and then illuminated for 90 s with strong white light. Then reaction was stopped by turning off the light and immediately adding 1 mM DTT. Control thylakoids were treated with OPBM without illumination. Thylakoids were collected by centrifugation and resuspended in SNT. Electron transport and ApH were simultaneously measured as described in "Materials and Methods." Reaction medium contained in 2 mL: 50 mM NaCI, 50 mM Tricine, 5 mM MgCI,, 0.2 mM FeCy, 1 p~ 9-AA, and thylakoids equivalent to 10 p g Chl mL-' .
enzyme supports the idea that it is intimately involved in gating Ht transfer through the ATP synthase complex.
Another important outcome of this study is the characterization of the conformational change. There is a striking similarity between the conformational change reflected by exposure of y-Cys-89 to alkylation and the increased proton conductance (slip) through CF,-CF, (Portis et al., 1975) . Both are induced by energization at alkaline pH, are partially protected by micromolar concentrations of adenine nucleotides in the presence of Mg2+, and, as shown here, are completely suppressed by CF, blockers. The difference between the effect of nucleotides and CF, blockers may be explained by the observation that venturicidin blocked a11 partia1 reactions in proton transfer through the ATP synthase, whereas ADP and Pi blocked proton transfer and release but not proton intake (Groth and ]unge, 1995) . Phosphorylating proton flux also induces the conformational change leading to the exposure of Cys-89 to alkylation (Fritsche and ]unge, 1995) . We suggest that these results, along with the observation that modifications of y-Cys-89 specifically affect the proton slip, are manifestations of the same conformational change within the ysubunit of the enzyme.
To accommodate the effects of pH, energization, adenine nucleotides, and alkylation on the proton slip, we suggest the model shown in Figure 7 . The y-subunit, presumably comprising the proton gate, is depicted in the model as an elongated structure extending from the outer CF, surface to the lower "stalk domain, in accordance with the crystal structure of MF, (Abrahams et al., 1994) . Because it appears that a combination of energization and alkaline external pH are obligatory to activate the proton slip (Fig. 2) , we propose that the conformational change is controlled by two protonation/deprotonation sites located on opposite sides of the proton gate: (a) a stromal site, which undergoes deprotonation at alkaline external pH, and (b) an inner site, exposed to the intrathylakoid lumen, which becomes protonated upon energization.
The conformational change is manifested by exposure of y-Cys-89 and by opening the proton slip (Fig. 7, A + B) .
Low concentrations of adenine nucleotides, which bind to the catalytic a-and P-subunits, partially reverse the slip and protect against NEM and OPBM modifications Fritsche and ]unge, 1995) , possibly by inhibiting deprotonation of the stromal site (Fig.   7C ). The DCCD and venturicidin binding site/s in CF,, suggested to block access of protons to the inner protonation site, inhibit the proton slip and exposure of y-Cys-89 (Fig. 7D) . The bifunctional reagent OPBM creates an irreversible change in the y-subunit, which blocks the interactions between the catalytic sector and the gate sector and therefore prevents closure of the gate by adenine nucleotides and by neutra1 pH (Fig. 7E) . The cross-linking between Cys-89/Cys-322 within the y-subunit by OPBM necessitates proximity of these sulfhydryl groups. Indeed, fluorescence energy-transfer measurements indicated that the two Cys are localized less than 27 A apart (Cerione et al., 1983; Shapiro et al., 1991) . However, the crystal model for mitochondrial F, estimates a distance of about 8 nm between the C terminus of the y-subunit and the conserved Cys, although it should be stressed that the localization of the C terminus in this model has not been conclusively defined (Abrahams et al., 1994) . Nevertheless, the crystal structure of MF, may not be fully applicable to the localization of Cys-89/Cys-322 in CF, for severa1 rea- sons: First, the structure of the y-subunit may be different in mitochondrial and chloroplast F,. It should be noted that the sequence homology in the y-subunit between MF, and CF, is limited, and that chloroplast y-subunit is much larger. Second, i t is conceivable that solubilization of CF, causes major structural changes in the stalk region of the y-subunit and, finally, the energization-induced conformational change may further move Cys-89 and Cys-322 together (McCarty and Hightower, 1995) . Otherwise, this model is consistent with present and previous observations regarding the effects of energization, pH, adenine nucleotides, and alkylating agents on the proton slip.
P-
We show in Figure 1 that blocking of CF, protects yCys-89 from alkylation in the light, implying that it suppresses the conformational change in the 7-subunit. This result is supported by the observation that transthylakoid proton flux is needed for creating tension between CF, and CF, (Ponomarenko et al., 1995) , indicating that the same conformational change may be involved in the two phenomena. Conversely, it was reported that venturicidin does not inhibit the reduction of the regulatory disulfide bond within the same subunit in the light (Valerio et al., 1992) . Therefore, the reduction of the disulfide bond and the exposure of Cys-89 may reflect distinct conformational changes within the 7-subunit that are differentially influenced by energization. In view of the new information about the structure of the y-subunit and its role in catalyzing ATP hydrolysis, the information of the role of the y-subunit in proton conduction can be very important in understanding the mechanism of ATP synthesis.
